Clinical experience supports a critical role for nutrition in patients with spinal muscular atrophy (SMA). Three-day dietary intake records were analyzed for 156 visits in 47 SMA type I patients, 25 males and 22 females, ages 1 month to 13 years (median 9.8 months) and compared to dietary reference intakes for gender and age along with anthropometric measures and dual-energy X-ray absorptiometry (DEXA) data. Using standardized growth curves, twelve patients met criteria for failure to thrive (FTT) with weight for age <3rd percentile; eight met criteria based on weight for height. Percentage of body fat mass was not correlated with weight for height and weight for age across percentile categories. DEXA analysis further demonstrated that SMA type I children have higher fat mass and lower fat free mass than healthy peers (p < 0.001). DEXA and dietary analysis indicates a strong correlation with magnesium intake and bone mineral density (r = 0.65, p < 0.001). Average caloric intake for 1-3 years old was 68.8 ± 15.8 kcal/kg -67% of peers' recommended intake. Children with SMA type I may have lower caloric requirements than healthy age-matched peers, increasing risk for over and undernourished states and deficiencies of critical nutrients. Standardized growth charts may overestimate FTT status in SMA type I.
Introduction
Spinal muscular atrophy (SMA) is one of the most common lethal recessive genetic diseases, with an incidence of 1 in 10,000 births [1, 2] . The condition is medically serious, associated with significant motor disability, respiratory insufficiency, and death in infancy or childhood in more than 50% of affected children. Homozygous deletion and/or mutation of the survival motor neuron 1 (SMN1) gene on 5q13 is disease-causing, and the severity inversely correlates with SMN2 copy number [3, 4] . SMA type I, also known as Werdnig-Hoffmann disease, is the most common and severe form of the disorder [5] . Muscle weakness is typically evident by 6 months of age, and affected infants never achieve the ability to sit unsupported [6] . Historically, the majority of children diagnosed with SMA type I did not survive past their second birthday due to the development of severe, progressive respiratory insufficiency.
The severity of the phenotype in infants with SMA type I significantly impacts nutritional status and overall health. Early bulbar dysfunction results in failure to gain weight, weight loss, and/or acute or chronic aspiration [7] . Infants with low muscle mass are more likely to develop hypoglycemia in the setting of a catabolic state, since one of the main energy sources during fasting comes from skeletal muscle [8] . In addition, children with SMA have demonstrated metabolic abnormalities consistent with a generalized defect in fatty acid metabolism, which make them more vulnerable to acidosis in this setting [9] . Finally, gastroesophageal reflux and impaired gastrointestinal motility can make provision of optimal nutritional intake challenging, even when deficits are recognized [7, 10] . These challenges include limited intake volume and fat intolerance.
Due to increasingly proactive interventions in clinical care in recent years, survival rates in children with SMA type I have improved, with an increasing percentage surviving beyond 2 years of age [11] . Recent studies in SMA animal models support an independent and critical adjuvant role for nutrition in the absence of proactive respiratory care interventions [12, 13] . These data, and clinical experience, suggest a critical role for nutrition on survival and quality of life in SMA. The aims of this observational study were to provide an overview of caloric, macronutrient and micronutrient intakes, body composition, and bone mineral density in subjects with SMA type I, to assess the suitability of the use of standardized growth charts, and to identify and highlight areas where further nutritional research is needed.
Patients and methods

Study population
All subjects participating in a broader outcomes study of SMA at the University of Utah, "Clinical and Genetic Studies in SMA" were asked to provide dietary data in conjunction with clinical visits. For purposes of this analysis, we reviewed a subset of dietary and DEXA data in those with confirmed homozygous deletion and/or mutation in SMN1 for whom the clinical phenotype was consistent with type I. Specifically, all children in this cohort were sufficiently weak and hypotonic such that they were unable to sit unsupported at any point in their clinical course.
Methods
The primary caregiver was instructed to record all dietary intake and supplements over a 3-day period including 2 weekdays and 1 weekend date. Growth parameters were obtained as part of the clinical evaluation with each visit, and included weight, length, and head circumference. Reliability of height measurements was supported by comparison to other collected anthropometric measures such as arm span. If the subject was unable to attend clinic for one or more visits, growth parameters were obtained at their local doctor's office or at home using standard measurement methods. Growth was plotted and categorized across percentiles using the Centers for Disease Control and Prevention (CDC) growth charts [14] . Three day dietary records were analyzed using ESHA Food Processor (version 9.1.0, and 10.5.2, 2003 and 2009 ESHA Research, Salem, Oregon) nutritional analysis software. Diet analysis was performed or reviewed by study dietitian. Dietary intake for each patient's individual food record was calculated by the ESHA Food Processor and adjusted for any additional supplements that were reported. Energy, fat (total, linoleic, and alpha linolenic fatty acids), protein, and certain vitamin and mineral intakes were compared to the dietary reference intakes (DRIs) and recommended dietary allowances (RDAs) for gender and age according to the DRI reports from the Food and Nutrition Board, the National Academies of Sciences [15] [16] [17] [18] [19] .
Parents and primary care providers made decisions about type of formula, and we did not advocate one type of formula or a specific diet over another. There were no specific dietary interventions employed between visits. A dietitian was not available to families to provide ongoing nutritional support and feedback. However, the physician or study dietitian did consult with families during or after each visit to provide feedback if there were caloric or obvious macronutrient deficiencies based on age-related growth chart deviations. The dietary records from the first visit were collected prior to any dietary feedback from this study.
Dual-energy X-ray absorptiometry (DEXA) scanning for body composition was performed at the time of the first visit unless contraindicated by medical status. Norland DEXA (XR-36 software version 3.3.1, Fort Atkinson, Wisconsin) for small subjects was used to assess whole body composition.
Norland DEXA scans for whole body composition were also collected from 65 healthy peers (age birth-36 months) between 1998 and 2009 at the University of Utah under a separate Institutional Review Board approved study and used for comparison purposes. These controls were Caucasian and healthy, without any chronic illness. Control subjects were of normal size, falling between the 25th and 75th percentile for weight and height on standardized growth curves.
Serum calcium laboratory values were also collected during the visits as part of a metabolic panel and analyzed at Primary Children's Medical Center Laboratory.
Statistics
Data were analyzed using Statistical Analysis Software (version 9.1.2, 2010, SAS Institute Inc., Cary, NC, USA). Pearson's coefficient of correlation was used to analyze associations. Student's t-tests were used to evaluate differences between groups. Mixed effects analyses were used to evaluate percent fat mass (PFM), bone mineral density (BMD) and calcium and magnesium intakes, and fat mass (FM) increases over time. Fixed effects analyses were used to compare BMD, FM, fat free mass (FFM), and lumbar BMD for SMA patients and age-matched healthy peers. The level of significance for all analyses was set at p < 0.05.
Ethics
Written informed parental consent (subjects <18 years) and assent (subjects >7 years) were obtained for all subjects. The Institutional Review Board at the University of Utah approved this study.
Results
Subject characteristics
Detailed 3 day dietary records for 156 visits were collected from 47 children with genetically confirmed type I SMA evaluated in the pediatric motor disorders clinic at Primary Children's Medical Center and the University of Utah or via a home visit (11 of 156 visits). Two patients with analyzed food records were not evaluated for at least one visit in our clinic, due to medical fragility. Among 47 subjects, there are 25 males and 22 females, birth to 13 years of age; 34 had food records for multiple visits. Forty-two subjects were Caucasian (23 males and 19 females) and three were Asian (2 males and 1 female); 41 were non-Hispanic (22 males and 19 females) while two were Hispanic (1 male and 1 female). The racial background of two subjects and ethnicity of four subjects was not reported. The number of SMN2 copies was 2 (n = 41), 3 (n = 3), or not available (n = 3).
At the time of the first submitted dietary record, the median age was 9 months (1 month to 13 years). For females the median age was 11 months (1 month to 13 years), and for males the median age was 7 months (1 month to 4.8 years). The 13 year old female had a tracheostomy with ventilation. Although her age was an outlier, including her data did not significantly alter the results of this study. For the first visit, 3 subjects (2 females, 1 male) had tracheostomies with ventilation (subject ages at first visit 18 months, 58 months, 13 years). Of 47 subjects enrolled, 34 had dietary records for multiple visits. We elected to analyze and report aggregate results for the last dietary record available in each subject, in order to help determine what changes had been made in terms of dietary alterations over the course of time. Based on the information for the last dietary record submitted, the overall median age was 23 months (8-69 months), including 17 females (median age 28 months, range 12-64 months) and 17 males (median age 20.5 months, range 8-69 months). For the last dietary record, 3 subjects (2 females, 1 male) had tracheostomies with ventilation (subject ages 19 months, 22 months, and 55 months). Only one of these subjects (the 22 month old) had tracheostomy with ventilation from the first visit. The two additional subjects had tracheostomies with ventilation prior to the last dietary record.
At the time of the first dietary record, 24 subjects had a gastrostomy-tube (G-tube) and Nissen fundoplication procedure (9 male, 15 female), while 6 had only a G-tube (4 male, 2 female). The mean age at the time of G-tube surgery was 9 months (1-31 months) for males and 11 months (2-49 months) for females. By the time of the last visit, all but one subject had received a G-Tube with or without Nissen, and even this subject received supplemental feeds via nasogastric (NG) tube placement. Table 1 provides a summary of types of dietary intake and supplementation between the first and last visits. The number of subjects taking elemental formula increased from the first visit from 18 of 47 (38%) to the last visit to 23 of 34 (68%). The average length of time between the first and last visit was 18 months. The most commonly received elemental formulas were Tolerex Ò or Pediatric Vivonex Ò (Nestle Nutrition, New Jersey) and the most common peptide based or hydrolyzed protein formulas included Peptamen Jr. Ò (Nestle Nutrition, New Jersey) and Nutramigen Ò (Mead Johnson, Illinois). The most common source of fat supplementation was safflower oil.
Dietary intake
Growth parameters
At the first visit, 32 subjects (68%) had a weight for age in the normal range (3rd-85th percentile). Thirteen subjects, or 28%, met the usually defined clinical criteria for failure to thrive (FTT) with a weight for age of less than the 3rd percentile; 6 were male and 6 were female. Eight of 13 subjects (62%), also met criteria for failure to thrive based on weight for height less than the 3rd percentile. Only 2 subjects (both males) had a weight for age over the 97th percentile indicating significant obesity based on standard definitions [19] . At the time of the last dietary analysis, 21 of the 34 subjects, only 62%, had a weight for age in the normal range of 3rd-85th percentile. Twelve of 34 subjects, or 35%, met clinical criteria for failure to thrive with a weight for age of less than the 3rd percentile, a higher percentage of patients as compared to the first visit (5 males and 7 females). Eleven of these subjects (92%) also met the criteria for failure to thrive based also on a weight for height less than the 3rd percentile, an increase compared to the first visit. One male subject had a weight for age between the 90th-97th percentile indicating obesity [19] . For linear growth measures at the time of their first dietary evaluation, 37 subjects, (79%) were within 3rd-97th percentile of expected height for age; 21 subjects were between the 5th and 50th percentiles, while 16 were between the 50th and 97th percentiles. There were six subjects (1 male and 5 females) below the 3rd percentile height for age and three subjects (2 males and 1 female) had a height above 97th percentile for age. Head circumference measurements were recorded in 35 subjects at the time of the first dietary record evaluation. Twenty-nine subjects had a normal head circumference, four were macrocephalic (>97th percentile) and two were microcephalic (<5th percentile) [19] . At the last dietary assessment, anthropometric measures were similar in terms of category percentiles. However, six subjects (four males and two females) were above the 97th percentile for height for age.
Energy and macronutrient intake
Caloric intake per day, calories per kg weight, calories per cm height, protein per kg weight, and percent daily fat intake were measured at each dietary analysis for all subjects; average values for each are given based on the following criteria: all subjects, "ideal" weight for age (3rd-75th percentile), failure to thrive, and obese patients and are summarized for the first and last visit in Table 2 . Caloric intake per day, calories per kg weight, calories per cm height, protein per kg weight, percent daily fat intake, and DRI recommendations for protein and RDA for calories are also given based on age for the first and last dietary analyses in Table 3 . Note the progressive decrease in caloric intake relative to age-matched RDA recommendations in kcal/kg from infancy to 3 years. Caloric intake was not correlated across percentile categories for either weight for age or weight for length. Type of formula, either elemental or nonelemental, also was not correlated across percentile categories.
DEXA studies
Thirty of 47 subjects had a DEXA scan performed at one or more visits. Percent fat mass (PFM) and weight for age, weight for height, and weight for length were not significantly correlated. However, mixed effects analysis over time found that PFM and weight per age were different for the higher percentiles. Those with a weight for age greater than the 90th percentile had significantly more PFM than those in the 50th-75th percentile (p = 0.05) and nearly significantly more PFM compared to those with weight for age less than the 3rd percentile (p = 0.06). Time (increasing age) is associated with increasing PFM (p < 0.01). No linear relationship between PFM and percentile categories was observed, although there are differences between the categories (p = 0.02). Subjects using elemental formula had a significantly higher PFM (p = 0.02). The PFM difference between elemental and nonelemental formula types was not significant over time (p = 0.06), indicating time (age) was the primary factor. Subjects using elemental formulas had a significantly lower fat intake as a percentage of total energy intake compared to those on regular, peptide-based or hydrolyzed formulas. At the first visit, those on elemental formula had a fat intake of 21.3 ± 12.2% of total energy intake compared to 42.5 ± 13.4% of total energy intake for those not using elemental formula (p < 0.0001). However, there is no statistical relationship between the percent fat intake and weight for age and weight for length percentile categories.
DEXA results for body composition compared by age group and age-matched healthy controls are summarized in Fig. 1 . DEXA data in children with SMA was compared to age-matched controls within and across age groups. Children with SMA type I under 36 months have significantly increased FM and decreased FFM when compared to healthy controls in a fixed effects analysis (p < 0.0001). Fat mass increased significantly over time (p = 0.0002) while FFM did not, in a mixed effects model. Whole body bone mineral density (BMD), as well as lumbar spine BMD was lower than age-matched healthy controls (fixed effects analysis p = 0.04 and p = 0.04, respectively). There was an overall age effect on BMD and lumbar spine BMD (p < 0.001). The age interaction was not statistically significant for lumbar spine BMD. Overall, calcium intake did not correlate with whole body BMD. However, using a mixed effects analysis, increased calcium intake is predictive of increased BMD (p < 0.01). Mixed effects modeling comparing calcium intakes above DRI and normal intake, randomized for subject, reveals significantly higher BMD at higher intakes of calcium compared to those with DRI recommended calcium intakes (p = 0.02). Bone mineral density after four visits were significantly increased in this cohort of subjects when compared to the first visit (p < 0.0001). Eighty-four serum calcium levels were obtained over the first four visits (n = 29, 23, 18, 14) . Subjects with serum calcium levels higher than those with levels in the normal range (>9.8 mg/dL) also had increased BMD levels (p = 0.02) in a mixed effects model. Increased serum calcium levels were evident throughout the visits; in the first visit, 18 of 29 were above normal range. More surprisingly, increased magnesium intake also predicts increased BMD (p < 0.01), and magnesium intake significantly correlates with overall BMD (r = 0.65, p < 0.001).
Micronutrient intake
An apparent inadequate intake for a variety of nutrients is evident with dietary record analysis in this population.
Inferred inadequate intakes were noted if the patient's calculated dietary intake for a given macronutrient, vitamin or mineral was lower than the DRI guidelines based on gender and age. These results are summarized in Table 4 . Common nutrients considered at greatest risk for deficiency due to intake below the current DRI for age in 25% or more of this cohort includes: alpha-linolenic fatty acid, linoleic fatty acid, vitamin A, vitamin D, vitamin E, vitamin K, folate, calcium, iron, and magnesium.
Discussion
Analysis of dietary intake in a relatively large cohort of SMA type I subjects in this study indicates that children with SMA type I have lower caloric intakes than recommended for healthy peers, presumably due to a diminished metabolic rate in light of their decreased muscle mass. In support of this hypothesis, we demonstrate that type I infants and children have substantially increased FM and lower FFM than healthy, age-matched controls. The lack of association between growth percentile categories and daily caloric intake indicates that standardized growth charts may not be adequate for determining healthy weight status in this population. Dietary and DEXA analyses indicate that calcium and magnesium intakes are strong predictors of increased BMD while intakes of alpha-linolenic fatty acid, linoleic fatty acid, vitamin A, vitamin D, vitamin E, vitamin K, folate, calcium, iron, and magnesium are frequently below DRI recommended ranges. Limitations of this study include a potential for bias among families willing to return a dietary record; they may be more attentive to their child's dietary intake. Thus, the percentage of children receiving elemental-based diets and/or supplements in this study may be greater than in the general SMA type I population. There also was a limited number of subjects with DEXA analysis for age group comparison. However, such data provides a starting point to focus on questions Caloric intake is less than the RDA for age in this cohort, and this becomes more apparent over time. As indicated in Table 2 , there is little increase in caloric need with increasing age, and caloric intake is not associated with FTT, normal, or obese status based on growth chart evaluation. These data demonstrate that caloric needs may change very little for prolonged periods of time, and progressive weight gain across percentiles can occur even without any increase in calories in some children. In support of this, we have clinically observed dramatic weight gain after extremely modest caloric adjustments, on the order of 30 calories per day. It is important to note that children with other motor/neuromuscular disorders require lower caloric intakes as well. For example, intake guidelines for cerebral palsy, spina bifida, and nonambulatory motor disorders are 11-14 kcal/cm, 9-11 kcal/cm, and 7-11 kcal/cm, respectively [20, 21] . These intake guidelines for motor disorders are relatively close to the 7-11 kcal/cm caloric intakes that this study observed. Until indirect calorimetry and doubly labeled water studies in SMA are available, Table 2 could be a useful guide for estimating the initial caloric needs of the SMA type I child with adjustments based on individual growth and health parameters.
Some patients with SMA are proportionately small for both weight and length and may have a constitutional growth failure unrelated to inadequate nutrition. Therefore, it is important to consider weight for length and not just weight for age when assessing growth status. Although many patients may appear to have FTT, they may be growing normally for their disease state and even have excess FM. In a cohort of predominantly SMA type II and III children, Sproule et al. demonstrated that those with SMA have significantly reduced total FFM as compared to healthy children [22] . Our findings in this type I cohort are even more pronounced and are apparent by 5-7 months of age. This reduced FFM makes it difficult to determine ideal body mass index (BMI) using usual growth parameters since these children often plot as underweight for age in spite of a markedly increased body fat percentage [22] . Percent fat mass increases significantly over time, due to increased FM with little increase in FFM. This results in grossly inadequate weight assessments based on standard growth curves. In other disease states where parameters deviate from normal growth curves, specific growth curves for the disease state have been developed [23] . However, no such growth curves currently exist to facilitate proper growth assessment for children with SMA. Based on this data, standardized growth charts alone are insufficient to assess weight or growth status in this population. Thus, DEXA or other tools to determine body composition may be valuable for assessing healthy weight status in this population.
Paradoxically, a subset of patients grew beyond the 97th percentile length for age, and four subjects demonstrated absolute macrocephaly. The significance of these observa- Fig. 1 . Fat mass and fat free mass age group comparisons between SMA type I subjects and age-matched normal controls (0-1 months, n = 3 and n = 18; 2-4 months, n = 6 and n = 1; 5-7 months, n = 4 and n = 5; 8-12 months, n = 6 and n = 15; 13-16 months, n = 4 and n = 4; 18-24 months, n = 4 and n = 12; and 25-36 months, n = 1 and n = 10, respectively).
Ã p < 0.01 [9, 24, 25] . This literature and intolerance of fat in some patients has led to an increasing number of children with SMA on low fat diets similar to those used in children with inborn errors of fatty acid oxidation (fat intake less than 30% of energy intake). In our cohort, use of elemental formulas increased from 38% at the first visit to 68% at the last visit over an average span of 18 months. Unfortunately, families of children with SMA rarely have the benefit of a metabolic dietitian to monitor them prospectively and ensure that intake of essential fatty acids and other nutrients are adequate. Children in this study using elemental formulas had a substantially lower percentage of fat intake and thus, lower intake of essential fatty acids. This may increase risk for essential fatty acid deficiency that may affect their growth. A relatively small proportion of children were on supplemental oils, and the majority had intakes below the DRIs for linoleic and alpha-linolenic fatty acids. Some of the children with fatty acid intake far below DRI exhibit essential fatty acid deficiency as confirmed by plasma essential fatty acid profiles. Supplementation with oils high in these essential fatty acids, such as small amounts of safflower or flaxseed oils (for linoleic and alpha linolenic, respectively) may be appropriate in some cases. However, in an SMA animal model, one supplemental formula that enhanced survival was a standard formula with a relatively high fat content [12] . Thus, the type and content of fat in the diet of SMA patients, and the potential benefit of elemental formulas, if any, and their appropriate use, deserves further study. Pending further studies, we suggest routine monitoring of plasma essential fatty acid profiles and/or supplementation for those children on low fat diets.
Children with SMA type I have significantly diminished BMD resulting in fragile bone health [26] . Hypercalcemia has also been observed, and its prevalence and etiology are not well understood [27] . Thus, it is of particular interest that high serum calcium levels were related to significantly higher BMD compared to normal serum levels. This may be related to the low bone mineral status in children with SMA and compensatory increased calcium absorption or altered bone remodeling; clearly, more study is needed [28] . In this study, we demonstrate that intake of both calcium and magnesium is independently and significantly predictive of increased BMD. Further, a substantial proportion of this cohort had potentially inadequate intakes for bone-related nutrients such as vitamin D, vitamin K, calcium, and magnesium. Additional vitamins and minerals for which intake is commonly insufficient as listed in Table 4 are primarily observed in patients not on an additional multivitamin/mineral supplement. Thus, multivitamin and mineral supplementation to meet DRIs should be considered in children with SMA type I, especially for bone-related nutrients. Ideally, given that all children with SMA type I ultimately manifest bulbar dysfunction and feeding problems, they should be referred for dietary consultation as early as possible following their diagnosis and assessed by a dietitian on a regular basis to help monitor and guide appropriate nutrient intake [19, 29] .
This study highlights a number of issues to consider when assessing dietary intake and nutritional status in infants and children with SMA type I. However, many questions remain. An increasing percentage of SMA type I children in this cohort with long term survival (exceeding an average of 18 months) were using elemental formulas; clinical research is needed to determine the potential benefits of elemental formula use, if any, before gastrointestinal and malabsorptive symptoms indicate. Clinically reported difficulties with fat and/or formula intolerance are increasingly prevalent with disease progression, and may or may not be related to metabolic status and/or gastrointestinal dysfunction. The optimal percentage and type of fat calories required for proper growth and optimal motor development needs to be determined. Indirect calorimetry or doubly labeled water techniques may be necessary to determine optimal caloric intake needs. A specific growth chart for children with SMA type I needs to be developed. A core set of evidence-based guidelines to enhance nutritional assessment and monitoring would help further improve survival and quality of life outcomes in children with SMA.
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